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Biochemical and Genetic Characterization of an Extracellular
Protease from Pseudomonas fluorescens CY(091

Pseudomonas fluorescens CY091 cultures produce an extracellular protease with an estimated molecular mass
of 50 kDa. Production of this enzyme (designated AprX) was observed in media containing CaCl, or SrCl, but
not in media containing ZnCl,, MgCl,, or MnCl,. The requirement of Ca** (or Sr**) for enzyme production
was concentration dependent, and the optimal concentration for production was determined to be 0.35 mM.
Following ammonium sulfate precipitation and ion-exchange chromatography, the AprX in the culture super-
natant was purified to near electrophoretic homogeneity. Over 20% of the enzyme activity was retained in the
AprX sample which had been heated in boiling water for 10 min, indicating that the enzyme is highly resistant
to heat inactivation. The enzyme activity was almost completely inhibited in the presence of 1 mM 1,10-
phenanthroline, but only 30% of the activity was inhibited in the presence of 1 mM EGTA. The gene encoding
AprX was cloned from the genome of P. fluorescens CY091 by isolating cosmid clones capable of restoring the
protease production in a nonproteolytic mutant of strain CY091. The genomic region of strain CY091 con-
taining the aprX gene was located within a 7.3-kb DNA fragment. Analysis of the complete nucleotide sequence
of this 7.3-kb fragment revealed the presence of a cluster of genes required for the production of extracellular
AprX in P. fluorescens and Escherichia coli. The AprX protein showed 50 to 60% identity in amino acid sequence
to the related proteases produced by Pseudomonas aeruginosa and Erwinia chrysanthemi. Two conserved se-
quence domains possibly associated with Ca?* and Zn*>"* binding were identified. Inmediately adjacent to the
aprX structural gene, a gene (inh) encoding a putative protease inhibitor and three genes (aprD, aprE, and
aprF), possibly required for the transport of AprX, were also identified. The organization of the gene cluster
involved in the synthesis and secretion of AprX in P. fluorescens CY091 appears to be somewhat different from

that previously demonstrated in P. aeruginosa and E. chrysanthemi.

Pseudomonas fluorescens is a very large and heterogeneous
group of gram-negative bacteria, which has been subdivided
into five biotypes based on an array of phenotypic character-
istics (26). Members of this group have been found in large
numbers either as free-living saprophytes or as spoilage-caus-
ing agents of food products derived from plants or animals. A
vast majority of P. fluorescens strains are mesotrophic or psy-
chrotrophic, but some psychrophilic members have recently
been isolated from Arctic glacier environments (22). Despite
the difference in optimal growth conditions, the production of
extracellular proteases appears to be a common feature among
members of P. fluorescens (30). The production of proteases is
presumably required by the free-living saprophytes for utiliza-
tion of available proteins in the environment as nutritional
sources. The production of proteases by spoilage-causing
strains is the key event leading to the gelation of raw milk and
off-flavor of dairy products (14). Although induction of fruit
and vegetable spoilage by soft rot strains of P. fluorescens
(sometimes referred to as P. marginalis) is attributed mainly to
the production of pectate lyases (PL) (17), one study (32) has
shown that proteases produced by soft rot bacteria can induce
cellular death in potato and cucumber tissues.

Four classes of endoproteases have so far been identified in
living organisms. These proteases are known to be involved in
a wide variety of physiological functions ranging from gener-

alized protein degradation to more specific regulation of cel-
lular processes such as hormone activation and transport of
secretory proteins (3). Three of the four endoprotease classes,
serine proteases, cysteine proteases, and metalloproteases,
have been identified in bacteria. However, aspartate protease
has not yet been demonstrated in prokaryotes (3). So far, it has
not been determined if the type of protease produced by
P. fluorescens falls into one of the above four categories.
Several studies (1, 24, 31) have been conducted to investi-
gate the biochemical properties of proteases produced by a few
P. fluorescens strains associated with spoilage of milk and dairy
products (1, 8, 24, 31). The results of these studies (1, 8, 31)
show that calcium is essential for the activity and stability of
these proteases, but the number of extracellular proteases pro-
duced by P. fluorescens is obscure. Most investigators reported
that the strains they examined produced a single protease (24,
27). However, Stepaniak et al. (31) reported that P. fluorescens
AFT36 produced one major protease and trace amounts of two
others. We (21) recently examined the molecular regulation of
extracellular enzyme production by a soft rot strain (CY091) of
P. fluorescens. During the study, we isolated a group of pro-
tease-negative mutants which were shown to be induced by the
insertion of TnS into a 7.3-kb EcoRI genomic fragment (21). It
has not yet been determined if the protease-negative pheno-
type of these mutants was caused by the insertion of Tn5 into
the structural protease gene or into the gene(s) required for
the enzyme transport. Nothing is presently known about the
mechanism by which P. fluorescens translocates the protease
across the cell membranes. The objectives this study were to
isolate and characterize the biochemical properties of the pro-
tease (designated AprX) produced by P. fluorescens CY091



TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant properties

Source or reference

Strains

P. fluorescens

CY091 Wild type, causes soft rot in plants and gelation and off-flavor in milk 18

J1 Tn5-induced mutant of strain CY091, deficient in protease activity 21

B-52 Wild type, causes spoilage of raw milk 23
E. coli

DH5a, HB101 Cloning and subcloning hosts Life Technologies

Plasmids
pLAFR3 IncP, tetracycline resistant, Cos™, Rlx", cloning vector B. Staskawicz
pRK2013 IncP, kanamycin resistant, TraRK2*, used for triparental mating 6
pUC19 Ampicillin resistant, subcloning vector Life Technologies
pJIA, pJIC, pJID Primary clones carrying P. fluorescens This study
pJIAE CY091 protease gene, pLAFR3 derivatives
pJIE 7.3-kb EcoRI fragment from pJIAE cloned into pLAFR3, tetracycline resistant This study
pUC-JIE 7.3-kb EcoRI fragment from pJIAE cloned into pUC19, HindIII site distal to the plac This study
promoter, direct protease production in E. coli

pJIH 6.3-kb EcoRI-HindIIl fragment from pJIAE cloned into pLAFR3 This study
pSAL21 2.1-kb Sall fragment from pJIH cloned into pUC19 This study
pSAL12 1.2-kb Sall fragment from pJIH cloned into pUC19 This study
pSAL29 2.9-kb Sall fragment from pJIH cloned into pUC19 This study
pHE10 1.0-kb fragment from pJIE cloned into pUC19 This study

and to clone and characterize the genes required for the pro-
duction and secretion of AprX in strain CY091.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. Pseudomonas strains were grown
in minimal salt (MS) medium (17) containing K,HPO, (0.7%), KH,PO, (0.2%),
MgSO, - 7TH,0 (0.02%), and (NH,),S0, (0.1%). Glycerol was routinely used as
the carbon source at a concentration of 0.4%. Unless otherwise indicated, CaCl,
was added to the medium at a final concentration of 1 mM. To examine the effect
of divalent cations on enzyme production, strain CY091 was grown in MS
medium containing one of five divalent salts (CaCl,, MgCl,, ZnCl,, SrCl,, and
MnCl,). When required, the samples were prepared and the enzyme activities in
the extracellular and cell-bound fractions were determined by previously de-
scribed methods (18). Escherichia coli strains were grown in either Luria broth
(Life Technologies Lab., Gaithersburg, Md.) or MS medium supplemented with
0.1% yeast extract and 0.1% Casamino Acids (Difco Laboratories, Detroit,
Mich.). To determine the optimal concentration of CaCl, required for enzyme
production, the bacterium was grown in MS medium containing various concen-
trations of CaCl, (0.10 to 1.00 mM). When needed, antibiotics were added to the
medium at the following concentrations (micrograms per milliliter): kanamycin,
50; rifampin, 100; and tetracycline, 25. When growth on solid medium was
required, E. coli and P. fluorescens were grown in Luria agar (Life Technologies)
and Pseudomonas agar F (Difco), respectively. The E. coli and P. fluorescens
cultures were incubated at 37 and 28°C, respectively. To assay the spoilage-
causing ability, skim milk purchased from a local store was inoculated with strain
CY091, mutant J-1 (a nonproteolytic derivative of strain CY091 [21]), or strain
BS52 (originally isolated from milk [23]). The degrees of spoilage as indicated by
gelation (14) were recorded after 10 days of incubation at 7°C.

Enzyme purification and assays. Strain CY091 was grown at 28°C for 72 h in
MS medium containing 1 mM CaCl,. The cells were removed by centrifugation
(10,400 X g for 20 min), and the supernatant was treated with ammonium sulfate.

~The precipitate formed at 50 to 95% saturation was collected by centrifugation
and resuspended in 50 mM Tris-HCl (pH 8.0) buffer. Then the sample was
dialyzed against the same buffer at 4°C for 18 h. The dialyzed sample was then
applied to a DEAE-cellulose column (1.5 by 20 cm) which had been preequili-
brated with 50 mM Tris-HCl (pH 8.0) buffer. The stepwise elution was carried
out with the same buffer containing 0.1, 0.2, 0.3, 0.4, and 0.5 M NaCl. Fractions
(5 ml) were collected, and each fraction was assayed for protease and PL activity
and protein concentration. The protein contents were determined by measuring
the absorbance at 280 nm or by the method of Bradford (4). PL activities were
determined by the standard method (17), and protease activities were measured
by a modification of a method previously described (12). Briefly, 0.5 ml of sample
was added to 50 mg of Hide Powder Azure (Sigma Chemical Co., St. Louis, Mo.)
in 1.5 ml of assay buffer (50 mM Tris-HCI [pH 8.0], 1 mM CaCl,). The reaction
mixtures were incubated at 28°C for 1 h with vigorous shaking. Then the liquid
portion of the reaction mixture was decanted into microcentrifuge tubes and

centrifuged at the maximum speed (13,000 X g for 5 min). The absorbance of the
supernatant was measured at 595 nm. One unit of protease activity was defined
as the amount of enzyme sample that caused an increase of 1 absorbance unit
(U)at28°Cin1h.

Biochemical characterizations. Enzyme samples were analyzed by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis by the method of Lae-
mmli (13). The Mini-Protean II apparatus and ready-made 12% polyacrylamide
gels from Bio-Rad (Richmond, Calif.) were used. The thermostability and inhi-
bition of the enzyme activity by ion chelators including EGTA and 1,10-phenan-
throline were determined by the standard procedures as previously described
(24, 31). Briefly, enzyme samples at initial activities of 10 to 25 U was placed in
boiling water for 5 to 10 min and the activities remaining in the sample after the
treatments were determined. Similarly, 5 to 10 U of protease samples were added
to reaction mixtures containing 0.1 to 10.0 mM EGTA or 1,10-phenanthroline
and the activities remaining in the reaction mixtures were determined to com-
pare the differential effect of these two chelators on enzyme activities. The
optimal temperature and pH for AprX activity were determined by standard
procedures (1, 25). AprX samples (5 to 10 U) in the standard reaction mixture
were incubated at temperatures ranging from 10 to 55°C. Similarly, equivalent
amounts of ArpX were added to standard reaction mixtures with pHs from 5 to
10.

Cloning and characterization of the protease geme. A genomic library of
P. fluorescens CY091 was constructed in E. coli HB101 with pLAFR3 as a vector
(21). This library was mobilized en masse into a nonproteolytic mutant, J-1 (21),
with the aid of helper plasmid pRK2013 (6). Recombinant clones capable of
restoring the proteolytic activity in mutant J-1 were isolated and used for further
characterization. Standard procedures (28) were used for isolation of chromo-
some and plasmid DNAs, restriction analysis, subclonings, and preparation of
competent cells for transformation. Conjugational transfers of genes between
E. coli and P. fluorescens were conducted by previously described methods (6, 21).

DNA sequencing. As described below, the aprX gene was located within a
7.3-kb genomic DNA fragment. Digestion of this fragment with Sa/I and HindIIl
resulted in the formation of four subfragments, each of which was isolated and
cloned into pUC19 to form pSAL21, pSAL12, pSAL29, and pHE10. The nucle-
otide sequence of the insert was determined by the dideoxy chain termination
method (29). Sequencing primers (18-mer) were synthesized and sequencing
reactions were conducted at Labstrand Lab., Ltd. (Gaithersburg, Md.). DNA and
protein sequence analyses were performed with the PC/GENE software pro-
grams (release 6.8) from IntelliGenetics, Inc. (Mountain View, Calif.).

Nucleotide seq accessil ber. The complete nucleotide sequence of
the entire 7.3-kb fragment has been deposited in the National Center for Bio-
technological Information (Bethesda, Md.), under accession no. AF004848.

RESULTS

Protease production. The proteolytic activity of P. fluore-
scens CY091, as indicated by the formation of clear zones (in
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FIG. 1. Effects of CaCl, concentrations on protease production by P. fluore-
scens CY091 in MS medium (17).

the range of 3 to 7 mm in diameter) surrounding the bacterial
growth, was detected in nutrient agar (Difco) supplemented
with 1% gelatin or skim milk after a 3-day incubation at 28°C.
High levels of protease activities ranging from 5.5 to 8.4 U per
ml were also detected in MS medium containing glycerol as the
sole carbon source. Production of the enzyme in the medium
was not significantly enhanced by the addition of gelatin or
skim milk. Since more than 89% of the protease activity was
located in the culture supernatant, this enzyme, designated
AprX, was an extracellular enzyme. Although production of
AprX was not induced by the substrates, the presence of CaCl,
in MS medium was required. When the bacterium was grown
in medium lacking CaCl,, very little or no activity was detected.
However, when it was grown in medium containing 0.1 to 1.0
mM CaCl,, a nearly linear relationship between the amounts
of the enzyme produced and the concentrations of CaCl, (0.10
to 0.35 mM) included in the medium was observed (Fig. 1).
The production of AprX is therefore dependent on the CaCl,
concentration, and the optimal concentration is 0.35 mM. To
determine if the CaCl, requirement could be replaced by other
divalent cations, the bacterium was grown in MS medium con-
taining one of four other divalent cations. High levels of en-
zyme activity, ranging from 5.6 to 8.3 U/10'° CFU, were de-
tected in medium containing CaCl, or SrCl,. Very low levels of
activitg (equivalent to the basal levels), ranging from 0.3 to 0.9
U/10° CFU, were detected in medium containing ZnCl,,
MgCl,, or MnCl,. Furthermore, more than 89% of the enzyme
activity were detected in the culture supernatant when the cells
were grown in medium containing CaCl, or SrCl,, but more
than 60% of the enzyme activity was retained within the cells
when they were grown in medium containing ZnCl,, MgCl,, or
MnCl,. The requirement for CaCl, in AprX production and
possibly in secretion is therefore highly specific. When inocu-
lated into skim milk, the wild-type strain CY(091 was able to
cause the same degree of gelation as strain B52 (a strain
originally isolated from milk). However, the nonproteolytic
mutant (J-1) of strain CY091 did not cause gelation of raw
milk. Furthermore, the purified AprX sample (described be-
low) was capable of inducing gelation of skim milk. Thus,
production of AprX by strain CY091 is required by this bac-
terium to cause spoilage in milk.

Protease purification and characterization. The culture su-
pernatant of strain CY091 containing an initial protease activ-
ity of 5 to 8 U ml™* was concentrated by ammonium sulfate
precipitation. The precipitate formed at 50 to 95% saturation
showed a 1.9- to 2.7-fold increase in specific activity compared
to the unconcentrated supernatant. The precipitate was added
to a DEAE-cellulose column and eluted by buffer containing
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FIG. 2. Elution profile of the AprX protease of P. fluorescens CY091 from
the DEAE-cellulose column. The column was eluted with 50 mM Tris-HCI (pH
8.0) buffer followed by stepwise elution with buffer containing 0.1 to 0.5 M NaCl.
The protease activity of each fraction, as indicated by the absorbance at 595 nm
(Asys), was determined under the conditions described in Materials and Meth-
ods. One unit of protease activity is defined as the amount of enzyme which
causes an increase of 1 absorbance unit at 595 nm.

0.1 to 0.5 M NaCl. An example of the elution profile is illus-
trated in Fig. 2. Two absorption peaks at 280 nm were ob-
served. Peak 1, showing PL activity, was detected in the buffer
fractions containing 0.0 to 0.1 M NaCl, and peak 2, showing
protease activity, was found in the buffer fractions containing
0.4 to 0.5 M NaCl. When analyzed by SDS-polyacrylamide gel
electrophoresis, the sample from peak 2 exhibited a single
band in the gel stained with Coomassie blue (Fig. 3). By over-
lay enzyme activity staining (17), the proteolytic activity of this
protein band was confirmed. Based on the electrophoretic mo-
bility, the molecular mass of this protein (AprX) was deter-
mined to be 50 kDa. The PL protein from peak 1 also exhibited
a single band in the gel (data not shown), and its molecular
mass (43 kDa) was close to that previously reported (18). The
presence of these two major proteins, AprX and PL, in the
ammonium sulfate-precipitated sample is shown in Fig. 3. The
specific activity of the purified AprX sample was 63- to 75-fold
greater than that of the unfractionated culture fluid. Optimal
AprX activity was observed at 40 to 45°C and pH 7 to 8. When
AprX samples were heated in boiling water for 10 to 30 min,
approximately 20 to 30% of the protease activity remained,
indicating that AprX is fairly heat stable.

FIG. 3. SDS-polyacrylamide gel electrophoresis of the purified AprX pro-
tease sample from P. fluorescens CY091. Molecular mass (MW) standards (in
kilodaltons) are shown in the right-hand lane: phosphorylase b, 104; bovine
serum albumin, 80; ovalbumin, 46.9; carbonic anhydrase, 33.5; soybean trypsin
inhibitor, 28.3; lysozyme, 19.8. Purified AprX and the ammonium sulfate-pre-
cipitated sample (50 to 95% saturation) are shown in the middle and left lanes,
respectively.



TABLE 2. Effects of ion chelators on activities of the AprX
protease from P. fluorescens CY091°

Inhibitor Concn (mM) %Activity remaining®

EGTA 0.0 100
0.1 99

1.0 70

10.0 43

1,10-Phenanthroline 0.0 100*
0.1 61

1.0 1

10.0 <1

“ Enzyme samples were incubated with an inhibitor of a given concentration
for 20 min at 28°C, and then the remaining activities in the samples were
determined.

® Each value represents the mean of three experiments. The activity in the
reaction mixture containing no inhibitor was considered 100% activity.

Both EGTA (a Ca®* chelator) and 1,10-phenanthroline (a
divalent-ion chelator) were examined for their effect on the
activity of AprX. At least 10 mM EGTA was required to inhibit
AprX activity more than 50% (Table 2), but 1 mM 1,10-
phenanthroline was almost completely inhibitory (1.2% of the
original activity remained). This result, in conjunction with the
sequence analysis data (see Fig. 5), indicated that divalent
cations, Ca®* and Zn>", are required for the activity and sta-
bility of the AprX enzyme.

Cloning of AprX and related transporter genes. A genomic
library of P. fluorescens CY091 was constructed in the broad-
host-range vector pLAFR3 as previously described (21). Re-
combinant plasmids in approximately 2,500 E. coli cells were
mobilized en masse into the nonproteolytic mutant J-1, and the
resulting transconjugants were examined for restoration of
protease production in this mutant. Four recombinant clones
(pJIA, pJIC, pJID, and pJIAE) capable of restoring enzyme
production in mutant J-1 were identified. When pJIA, pJIC,
pJID, and pJIAE were each digested with EcoRI, a 7.3-kb
fragment was detected in each clone. To examine if the 7.3-kb
EcoRI fragment contained the aprX gene, this fragment was
isolated from pJIAE and subcloned into pLAFR3 to form
pJIE. After introduction into mutant J-1, pJIE was capable of
directing the synthesis of wild-type levels of AprX. However,
very little or no proteolytic activity was detected in E. coli cells
carrying pJIE (or other primary clones). We suspected that the
failure to detect enzyme activity in E. coli resulted from the
poor expression of Pseudomonas native promoters (10) in E.
coli. To prove this, the 7.3-kb EcoRI fragment was cloned into
pUC19 at the EcoRI site immediately adjacent to the lac pro-
moter. The resulting construct (pUC-JIE) in E. coli was indeed
capable of directing the synthesis (presumably with the lac
promoter) of extracellular AprX in the presence of isopropyl-
B-D-thiogalactopyranoside (IPTG). To determine the minimal
size of fragment required for extracellular AprX production,
the 7.3-kb EcoRI fragment was digested with Sall or HindIII
and the resulting subfragments (Fig. 4) were self-ligated or
cloned individually into pUC19 to form a series of subclones,
pJIH, pSAL21, pSAL12, pSAL29, and pHE10 (Table 1). Since
none of these subclones were able to direct the production of

extracellular AprX in E. coli, the entire 7.3-kb insert was as- -

sumed to be required for the production of extracellular AprX
in E. coli.

Analysis of DNA fragments required for production of ex-
tracellular AprX. Analysis of complete nucleotide sequence of
this aprX-containing 7.3-kb fragment revealed the presence of
five open reading frames (ORFs), which were found sequen-

tially on the same DNA strand. The first ORF (nucleotides [nt]
843 to 2111) was predicted to encode a protein consisting of
473 amino acids (aa). This protein showed 50 to 60% identity
in amino acid sequences to the AprA protease of P. aeruginosa
(7) and the PrtC, PrtB, and PrtA proteases of Erwinia chry-
santhemi (9, 16). ORF1 was thus predicted to encode the
structural AprX sequence of P. fluorescens CY091. The M, of
AprX, as predicted from the amino acid sequence, was in good
agreement with that determined by gel electrophoresis (Fig. 3).
Multiple-sequence alignment of the AprX, AprA, and PrtC
proteins (Fig. 5) revealed two domains that were probably
associated with the binding of Zn** and Ca?*. The Zn?*-
binding domain was characterized by a well-defined signature,
xxxQTLTHEIGHxxGLxHPx, whereas the Ca2+-binding do-
main was characterized by the presence of four glycine-rich
repeats GGxGxD. Based on the sequence analysis data (Fig.
5), AprX was predicted to be synthesized as a proenzyme
containing a pro-sequence of 12 aa. Immediately following
ORF1, a long hairpin structure characteristic of a rho-inde-
pendent transcriptional termination sequence was identified at
nt 2282 to 2305.

ORF?2 spanned a region of 366 bp (nt 2325 to 2690) and
encoded a protein consisting of 122 aa and with a molecular
mass of 13.2 kDa. Sequence similarity search showed that this
protein exhibited 37 to 45% identity in amino acid sequence to
the protease inhibitors (Inh) previously found in E. chrysan-
themi (15) and P. aeruginosa (11) (Fig. 6). The P. fluorescens
Inh contained a signal peptide composed of 23 aa. Immediately
following the inh gene, three additional genes designated aprD
(nt 2796 to 4532), aprE (nt 4532 to 5842), and aprF (nt 5848 to
7260) were identified. The hydrophobicity analysis showed that
AprD of P. fluorescens CY091 contained four hydrophobic
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FIG. 4. Restriction map of P. fluorescens CY091 genomic DNA encoding the
aprX protease gene and the aprD, aprE, and aprF genes required for enzyme
secretion. The relative positions of these genes and a gene coding for a putative
protease inhibitor (Inh) are indicated at the bottom. The length of the fragment
in kilobase pairs is indicated above the line. Restriction enzymes: B, BamHI; S,
Sall; K, Kpnl; H, HindllL; E, EcoRI; C, Clal; Y, Spyl; G, Bglll; U, Stul; X, Xhol,
F, AfilllL; A, Aval; B/S, BamHI/Sau3A. The hatched area indicates the region
where the nucleotide sequence has been determined. pJIE and pUC-JIE are
derived from the insertion of the 7.3-kb EcoRI aprX™ fragment into pLAFR3
and pUC19, respectively. pJIH is a deletion subclone of pJIAE.
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FIG. 5. Multiple-sequence alignment of zinc proteases from P. fluorescens CY091 (APRX_PSEFL) (this study), P. aeruginosa PAO1 (APRA_PSEAE) (7), and E.

chrysanthemi B374 (PRTC_ERWCH) (16).

regions and one consensus site (GxxGxGKS) for the ATP
binding (Fig. 7). P. fluorescens AprD exhibited 54 to 56%
identity in amino acid sequence to the AprD and PrtD proteins
of P. aeruginosa and E. chrysanthemi. The hydropathy profile of

AprE also revealed the presence of a long stretch of hydro-
phobic region (Fig. 8A) at the amino terminus. Sequence sim-
ilarity analysis showed that AprE exhibited 44 to 50% identity
in amino acid sequence to the AprE and PrtE proteins of

INH_ERWCH MKQL----~---- IIATLLSALSGG&kmSSLRLPSAAELSGQWVLSGAEQ --CDI 45
INH_PSEAE MSASAKLSRMVCLLCGFF- - STGISMASSLILLSASDLAGQWTLQQDEAPAICHL 53
INH_PSEFL MQRFYNV - - IACALQVMFVSAGAHAMASSLVLPSSAQLAGHWQLQQOD - -QVCAL 51
* ... L. kkkkk ok ko k ok kx| *
INH_ERWCH RL-NTDVLDGTTWKLAGDTACLQKLLPEAPVGWRPTPDGLTLTQADGSAVAFFSR 99
INH_PSEAE ELRDSEVAEASGYDLGGDTACLTRWLPSEPRAWRPTPAGIALLERGGLTLMLLGR 108
INH_PSEFL ELLEQANA------ LGGDVACVAQWLGDKPLTWSPTPDGIWLFNADGSGITHLNR 100
* . * kk kK Lok Lk kkk kK k k%
INH_ERWCH NRD-RYEHKLVDGSVRTLKK-KA 120
INH_PSEAE QGEGDYRVQKGDGGQLVLRRATP 131
INH_PSEFL 122

FIG. 6. Amino acid sequence alignment of the protease inhibitor (INH) from P. fluorescens CY091 (INH_PSEFL), P. aeruginosa (INH_PSEAE), and E.

QKEGEYQARTKSGTVVELKRV-P
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chrysanthemi (INH_ERWCH). The arrow indicates the predicted cleavage site of the signal peptidase.
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FIG. 7. Multiple-sequence alignment of the AprD proteins from P. fluorescens CY091 (APRD_PSEFL) and P. aeruginosa (APRD_PSEAE) and the PrtD protein
from E. chrysanthemi (PRTD_ERWCH). The numbered lines above the sequence indicate the hydrophobic regions. The boxed area indicates the ATP-binding site.

P. aeruginosa and E. chrysanthemi. P. fluorescens AprF, con-
sisting of 471 aa, was closely related to the AprF and PrtF
proteins of P. aeruginosa and E. chrysanthemi. It exhibited 30 to
44% identity in amino acid sequence to its counterparts in
P. aeruginosa and E. chrysanthemi. Unlike AprD and AprE,

PRTE_ERWCH

A APRE_PSEFL R

MTGMDITTQDELNEAAMRDRASRDEE

APRE PSEAE MT--------------= RTVK-RDEN|
MSSITFE--------- LRIKE-RDAR
* .

AprF was largely hydrophilic, with the exception of the se-
quence located at the amino terminus, where a putative signal
peptide (of 17 aa) was identified (Fig. 8B). Based on the their
sequence similarity to the protease secretion apparatus previ-
ously demonstrated in P. aeruginosa and E. chrysanthemi,

RLGWWLVLAGFGGFLLWALLAPLDKG 55
YARLGWLLVLFGFGGALLWAAFAPLDQG 39
FARMGWLLTVVGAGGFFLWASLAPLDQG 45

* k% % _ . Kk kkx _kEk _RREK K

MRRKAV - - - LLTVVLSLSGGSAQAMGLLDAWELALRNDAQLRAAGFERDAGQEEV 52

PRTF_ERWCH
APRF PSEAE MTMRRLMTWLFGAFLLLLREDAFALGLLDGYHLALENDPQFQAAIQEHEAGRQYR 55
B APRF_PSEFL MKP------ VFIALLFTCASAQAAMGPFDVYEQALRNDPVFLGAIKERDAGLENR 49
- * * ok x *k kk_ |k Kk _ k%

FIG. 8. Alignment and comparison of the amino-terminal sequences of the AprE (A) and AprF (B) proteins from P. fluorescens CY091 (APRE/F_PSEFL) and
P. aeruginosa (APRE/F PSEAE) and the PrtE/F proteins from E. chrysanthemi (PRTE/F_ERWCH). The boxed area in panel A represents the hydrophobic region,
and the underline in panel B represents the putative signal peptide sequence. The arrow indicates the possible peptidase cleavage site.



AprDEF was predicted to constitute a secretion apparatus for
the transport of AprX in P. fluorescens CY091.

DISCUSSION

Data presented here show that P. fluorescens CY091 pro-
duces an extracellular protease, AprX, with an estimated mo-
lecular mass of approximately 50 kDa. Although this enzyme
does not play an essential role in causing soft rot of fresh fruits
and vegetables (21), it is required to cause spoilage in milk and
possibly in dairy products. In this study, we demonstrated that
a protease-negative Tn5 mutants of strain CY091 was unable
to cause gelation of raw milks. This result supports the previ-
ous suggestion that the protease is the primary factor respon-
sible for the spoilage caused by P. fluorescens. The AprX of
strain CY091 is similar in several biochemical properties, in-
cluding thermostability and divalent-ion requirement, to pro-
teases produced by other strains of P. fluorescens (1, 8, 24, 31).
They are heat stable and require Ca** and Zn>* for activity
and/or stability. Sequence analysis of the predicted AprX pro-
tein reveals the presence of two conserved domains specific for
Ca?* and Zn?* binding (Fig. 5). This result, in conjunction
with the data obtained from biochemical studies, indicates that
AprX is a metalloprotease with zinc as an integral part of the
enzyme.

While investigating the protease produced by a psychrophilic
strain of P. fluorescens, Margesin and Schinner (22) found that
the protease produced by this strain formed multiple bands in
isoelectric focusing (IEF) gels. They suggest that the multiple
bands observed in the gel represent different processing forms
or breakdown products of a single protease (22). In this study,
we also found that the purified AprX of strain CY091 ap-
peared as a single band in the SDS-polyacrylamide gel (Fig. 3)
but formed two bands in the IEF gel (data not shown). Genetic
data presented here seem to rule out the possibility that the
two bands we observed in the IEF gel represent two isozymes.
In this study, we found that the AprX produced by E. coli cells
carrying pUC-JIE formed a single band in the SDS-polyacryl-
amide gel but also formed double bands in the IEF gel (data
not shown). Since pUC-JIE contains only one protease struc-
tural gene, it is unlikely that recombinant E. coli cells would
produce two isoforms of AprX. Like PrtC and AprA, AprX is
predicted to be synthesized as a proenzyme with a pro-se-
quence consisting of 12 aa (Fig. 5). The pro-sequence at the N
terminus of the pro-AprX protein is assumed to be removed by
the autoproteolytic action of AprX (33). Based on these re-
sults, we conclude that P. fluorescens CY091 also produces a
single protease, which may exist in different processed forms
and display multiple activity bands in the IEF gels, as originally
suggested by Margesin and Schinner (22).

The extracellular location of AprX was indicated by the
observation that more than 89% of the total protease activity
produced by strain CY091 was detected in the culture super-
natant. Since AprX does not contain a putative signal peptide,
the translocation of this enzyme across the cytoplasmic mem-
brane is therefore not mediated by the Sec-dependent secre-
tion pathway. The data presented here suggests that the AprX
transport is possibly mediated by an independent secretion
apparatus consisting of two membrane-associated (AprD and
AprE) and one periplasm-associated (AprF) proteins. The
predicted amino acid residues and molecular masses of AprD,
AprE, and AprF are summarized in Fig. 9. Based on their
sequence homologies, the function of the AprDEF apparatus
of P. fluorescens is analogous to the protease or hemolysin
secretion apparatus previously demonstrated in P. aeruginosa
(11), E. chrysanthemi (5), and E. coli (16, 33). Comparison of

4 Inh | PrDY PrE [ PrtF [ PreB |{PrtC |[Pria]

4 AprD | AprEH AprF [AprA | Inh }

<4 AprX | Inh H AprD | AprE [ AprF}
a.a. ---473 122 579 437 471
MW ---49.7 13.2 62.5 48.3 51.7 (KDa)

FIG. 9. Comparison of the organization of the gene cluster involved in the
synthesis and secretion of the AprX protease in P. fluorescens, the AprA protease
in P. aeruginosa, and the PrtB, PrtC, and PrtA proteases in E. chrysanthemi. The
predicted amino acid residues and molecular mass (MW) of each protein com-
ponent in the P. fluorescens AprX gene cluster are indicated at the bottom of the
figure.

the organization of the gene operons associated with the pro-
duction and secretion of proteases in P. fluorescens, P. aerugi-
nosa, and E. chrysanthemi (Fig. 9) shows that they are some-
what different among these bacteria. In E. chrysanthemi and
P. aeruginosa, the protease structural genes are located down-
stream of the transporter genes (aprDEF or prtDEF). How-
ever, in P. fluorescens, the aprX gene was located upstream of
the inh and aprDEF transporter genes. The evolutionary sig-
nificance of the difference in the organization of the protease
gene operon in these organisms is unknown.

Data presented here also shows that the AprX protein of
strain CY091 contains a conserved domain specific for Ca**
binding (Fig. 5). Previously, it has been shown that Ca®* is
necessary for maintaining the stability and integrity of the
active site (2, 23). Barach et al. (2) reported that the presence
of Ca?* in the solution can enhance the heat resistance of the
proteases from P. fluorescens MC60. In this study, we also
found that Ca®>* was required not only for the optimal activity
of the AprX protease but also for the production of maximal
levels of the enzyme by strain CY091. The requirement of
Ca®* for AprX production by strain CY091 is specific and
concentration dependent. It is unclear if Ca®>* is directly in-
volved in the regulation of the AprX production or is simply
required for stabilizing the enzyme after synthesis. We previ-
ously reported that production of another extracellular enzyme
(PL) by strain CY091 also required Ca** (20). Since the pro-
duction of both PL and AprX in P. fluorescens CY091 is me-
diated by a two-component (lemA and gacA4) global regulatory
pathway (19, 21), it is unclear if Ca®>" acts as an external or
internal factor signaling the expression of the lemA and gacA
genes and in turn the synthesis of PL and AprX.
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